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DOI: 10.1039/c0sm00936aNaturally occurring macromolecules have the potential for providing non-fouling coatings on
substrates based on a steric entropic principle. In order for this effect to occur, the macromolecules that
adhered to the surface must have the correct chemical conformation. This article reports on the
immobilisation of hyaluronic acid (HA) onto polystyrene substrates for the purpose of repelling cellular
adhesion thereon. In order to create a polystyrene surface capable of adhering HA in the required
orientation substrates were treated by atmospheric pressure plasma processing in air. The resulting
oxidised surfaces were then aminated by the chemisorption of the 3-aminopropyltrimethoxysilane
(APTMS) linker molecule. Three distinct chemical states were found for the APTMS amine group:
a neutral, a protonated and a hydrogen bonded state, as determined by X-ray photoelectron
spectroscopy (XPS). Carbodiimide coupling of HA at two different macromolecular concentrations (1
mg cm3 and 3 mg cm3) to the aminated surfaces on oxidized polystyrene resulted in covalent
immobilisation of the polysaccharide. The chemistry and topography of the polymer surface at each
stage of the coating process were analysed by a combination of XPS, ToF-SIMS, and AFM. XPS
demonstrates that HA was successfully grafted to the aminated PS surfaces. The degree of chemical
homogeneity on the surfaces was determined by ToF-SIMS. Changes in topography resulting from the
immobilization process were evident in the AFM images. In vitro studies of the response of human lens
epithelial cells (LEC) to theHA-modified polystyrene indicated a significant reduction in cell numbers at
all time points post-seeding compared to the control. These results coupled with the surface analysis
data indicate that the immobilization method based on atmospheric plasma activation of the polymer
surface creates a HA layer with a steric conformation capable of inhibiting cellular attachment.1 Introduction
The success or otherwise of medical implants and thereby the
biomaterials from which they are fabricated is crucially reliant on
the nature of protein and cellular response at their surfaces.1,2 In
many cases, fouling of implants from adverse biological interac-
tions can result in severe clinical complications such as coagulation,
complement activation, thrombus formation, fibrous encapsula-
tion, and immunological reactions.3,4 Interfacial forces between
a biomaterial and proteins are known to have implications on the
nature of any subsequent cellular response.5,6 These forces are
modulated by the chemistry of the biomaterial and include elec-
trostatic interactions, hydration effects, dispersion forces and
steric–entropic effects. It is generally accepted that a ‘‘non-fouling’’
biomaterial interface can be created by grafting highly hydrated
hydrophilic polymeric macromolecules onto its surface. This type
of surface modification is important for various applications
ranging from medical diagnostics and therapeutics to water puri-
fication.6 However, for this strategy to be effective it has been rec-
ognised that the chemical conformationof the grafted adlayermust
provide for the correct steric effects leading to an excluded volumeaNanotechnology and Integrated Bio-Engineering Centre (NIBEC),
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608 | Soft Matter, 2011, 7, 608–617condition, i.e. repulsion of proteins by trapped water in a ‘‘brush-
like’’ macromolecular surface structure.7One of the most common
hydrophilic polymers employed for this purpose is poly(ethylene
glycol) (PEG), which when immobilised onto biomaterial surfaces
in the requisite conformation confers protein and cell resistance.7–12
However, PEG is known to be oxidised in an in vivo environment,
making functionalisation with alternative polymers attractive.
Naturally occurring macromolecules such as polysaccharides are
a promising alternative to PEG for providing non-fouling coatings
for biomedical purposes. Such polysaccharides have extensively
hydrated hydrogel-like, mobile molecular chains, that if immobi-
lised with the appropriate architecture can act as a steric–entropic
barrier in a similar manner to PEG.
Hyaluronic acid (HA) is an example of a polymer that can be
employed for this purpose.13–16 HA belongs to the glycosami-
noglycan (GAG) family, however unlike other GAGs it is not
sulfated and does not therefore bind covalently to any proteins.
It is present ubiquitously in the extracellular matrix, vitreous
humour, synovial fluid and cartilage.17,18 It is a linear polymer of
high molecular weight comprising a glucuronic acid (1-b-3) N-
acetylglucosamine (1-b-4) disaccharide repeating unit. In solu-
tion, HA takes on the form of an expanded, highly hydrated coil
structure with a radius of gyration of approximately 200 nm and
in its hydrated state has a1000-fold more water than polymer.19 It
plays an important role in the hydrodynamic properties of the
extracellular environment and provides structural support for
other matrix components.20 It is used clinically in ophthalmics toThis journal is ª The Royal Society of Chemistry 2011
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View Onlineaccelerate corneal wound healing in ocular surgeries.21 Its ability
to promote water retention is thought to be the cause of tear fluid
stability in the eye and therefore HA is used extensively in eye
drop solutions.22,23 It is also used as a viscoelastic fluid in intra-
ocular surgeries to relieve intraocular pressure.24
A number of procedures have been employed for the immo-
bilisation of HA onto biomaterial surfaces ranging from
physisorption to chemisorption techniques.14,16,25–30 However,
many of these approaches require relatively complicated
synthetic protocols to ensure the presence of specific surface
functional groups. Thus, there still exists an ongoing need for
versatile immobilisation strategies that are capable of robustly
and covalently tethering HA onto a variety of medically relevant
biomaterials, particularly inherently hydrophobic polymers.
Modification of polymer surfaces to create a so-called ‘‘bonding
layer’’ which can then be utilised for the immobilisation of
macromolecules such as HA has been employed effectively.31,32
Whereas plasma processing has been used in this regard, it is not
widely applied due to the high engineering costs associated with
vacuum based plasmas that are normally required to carry out
these reactions.26,33,34 Hence, atmospheric pressure plasma
processing offers an attractive alternative since it allows for
rapid, continuous in-line processing and lower operational costs.
The facility offered by normal ‘‘corona’’ based methods is limited
in this regard due to the transient nature of the surface effects
induced. However, the advent of dielectric barrier discharge
(DBD) atmospheric pressure processing holds out more promise,
but its ability has yet to be fully realised.35–38
This article reports a study of the use of DBD processing to
create an oxidised ‘‘bonding layer’’ on polystyrene (PS)
substrates to support the subsequent immobilisation of HA. The
role of this substrate functionalisation is to enhance and direct
the subsequent chemisorption of the widely used 3-amino-
propyltrimethoxysilane (APTMS) group. Carbodiimide linker
chemistry is then used to graft the carboxylic acid groups in HA
onto the APTMS layer. Each of the separate stages of the
immobilisation treatment using 1 mg cm3 and 3 mg cm3 HA
solutions is followed by X-ray photoelectron spectroscopy (XPS)
and time of flight secondary ion mass spectrometry (ToF-SIMS)
analysis. Atomic force microscopy (AFM) is employed to further
elucidate the changes imparted by the processing steps. The
response of human lens epithelial cells (LECs) to covalently
immobilised HA was determined via in vitro adhesion and
proliferation studies. These data along with those from the
various surface analyses have been used to evaluate the nature of
the chemical conformation of the HA coating in the context of
the steric requirements known to cause inhibition of cell adhe-
sion. PS has been used in this study as a model polymer to
investigate the efficiency of grafting as it is the gold standard for
tissue engineering applications. Grafting of HA onto more
ophthalmic relevant polymers such as acrylics and silicon elas-
tomers is currently underway and will be reported elsewhere.2. Materials and methods
2.1 Materials
Commercial grade polystyrene (PS), as 1.2 mm thick sheets
(Goodfellow, Cambridge UK), was used as the polymerThis journal is ª The Royal Society of Chemistry 2011substrate for these studies. The sheets were cut into 1.5 1.5 cm2
sized squares for chemical and topographical analysis. Discs of
34 mm diameter were punched from the polymer sheets for use in
all the cell culture studies and associated assays with the excep-
tion of the immunofluorescence staining studies which used
22 mm diameter discs. Samples were cleaned by sonication in
ethanol for 15 min and dried in air overnight prior to use.
Hyaluronic acid (HA), as the sodium salt from the Streptococcus
equi species (Fluka, UK), was used as received. Water-soluble 1-
ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, Fluka, UK), N-hydroxysuccinimide (NHS, Sigma-
Aldrich), (3-aminopropyl)trimethoxysilane (APTMS, Sigma-
Aldrich, UK), and 2-(N-morpholino)ethanesulfonic acid (MES)
were all used as received.
2.2 Atmospheric pressure plasma treatment of polystyrene
Surface modification of PS was carried out at atmospheric
pressure using a dielectric barrier discharge (DBD) system
(Arcojet Gmbh, Germany). The operational characteristics of
the DBD reactor (Arcotec GmbH, Germany) have been
described in detail elsewhere.28–30 In brief, samples were placed
on the moving ground electrode and treated at varying energy
doses (D) corresponding to a range of different power densities
(Pd) and residence times in the plasma (R) delivered via three
working electrodes adjacent to the platen. All experiments were
carried out at a platen transit speed through the plasma region of
0.48 m s1. An explanation of the known effects of the various
experimental conditions used in DBD has been reported else-
where.39–42
2.3 Immobilisation of hyaluronic acid onto DBD treated
polystyrene
HA was immobilised onto the DBD modified PS by silanisation
and subsequent grafting by the carbodiimide mediated coupling
via the reaction pathways illustrated in Scheme 1.
DBD treated PS samples were immersed in a 10% w/w solution
of (3-aminopropyl)trimethoxysilane (APTMS) in methanol for
60 s to silanise the surface. The silanised samples were washed
with methanol and dried in an oven at 50 C for 2 h. HA was
dissolved in a solution of 0.01 M MES buffer at concentrations
of (a) 1 mg cm3 and (b) 3 mg cm3. The carboxylic acid group of
the HA molecule was activated by adding NHS and EDC
sequentially to make up a solution with final concentrations of
0.05 M NHS and 0.2 M EDC. This activated HA solution was
stirred for 1 h at room temperature prior to immersion of the
silanised polymer samples and incubation at room temperature
overnight on a rocker table. Samples were then washed with
Milli-Q ultrapure water for 24 h, dried at room temperature and
pressure and stored in sterile Petri dishes prior to analysis.
2.4 Surface analysis
2.4.1 XPS analysis. X-Ray photoelectron spectroscopy
(XPS) was carried out using a Kratos Axis Ultra DLD spec-
trometer (Kratos, UK) at a base pressure of <5  108 Torr. A
monochromated AlKa X-ray (1486.6 eV) source operating at an
anode voltage of 15 kV and a 10 mA current was employed. A
‘‘slot’’ aperture was used to limit the area of analysis to 700 mmSoft Matter, 2011, 7, 608–617 | 609
Scheme 1 Immobilisation of HA onto PMMA surfaces.
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View Online300 mm. Wide energy survey scans (1–1300 eV) were recorded at
pass energy 160 eV and high resolution spectra at 20 eV. A
magnetic immersion lens was used as the primary means to
neutralise the effects of residual electrical charge generated on
the insulating polymer surfaces. Binding energy (BE) positions
were further corrected for charging effects by setting the lowest C
1s component to 285.0 eV.43 Quantitative analysis of three
separate areas on each sample was achieved using CasaXPS
version 2.3.12 software (Casa Software, UK) by subtraction of
a linear background and determination of areas for the most
intense spectral lines for all the elements detected. Data are
reported as average values of relative atomic % concentration
(at.%)  1 standard deviation. Spectra were curve fitted (after
background subtraction) using a mixed Gaussian–Lorentzian
(70 : 30) function using established peak positions. The electron
attenuation length of the C 1s photoelectron in a polymeric
matrix can be assumed to be 3 nm.44 This corresponds to an
approximate value for the sampling depth of 10 nm when the
emission angle is normal to the surface.45 Therefore 95% of the
detected signal originates from this sampling region.
2.4.2 ToF-SIMS analysis. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) measurements were performed using
a ToF-SIMS V (ION-TOF GmbH, Germany) instrument. A
bismuth liquid metal ion gun (LMIG) generating Bi3
++ cluster
ions was used as the primary ion source operating with the
reflectron analyser and microchannel plate detector with post-
acceleration of 20 kV. The primary ion dose for all analyses was
kept within static SIMS limit (i.e. <1012 cm2). Spectral acquisi-
tion and image analyses were carried out using IonSpec Version
4.1.0.1 and IonImage Version 3.1.0.14 software, respectively
(ION-TOF GmbH, Germany). Pulses of low energy electrons
from a flood gun were applied to samples between periods of
secondary ion collection to compensate for charging effects.
Positive ion spectra from the various surfaces were recorded as610 | Soft Matter, 2011, 7, 608–617m/z versus intensity plots and key ions identified for subsequent
imaging studies. Mass resolved secondary ion images for selected
ions were recorded with the Bi3
++ cluster ion source in burst
alignment mode. Three replicate false-colour images in positive
ion collection mode were recorded for each sample type.
2.4.3 AFM analysis. AFM was used to compare the topo-
graphical features created after DBD surface modification and
subsequent stages of HA chemical immobilisation. A Digital
Instruments (DI) NanoScope SPM (Vecco Metrology Group,
USA) operating in tapping mode under ambient conditions was
used. Images were acquired with a silicon tip mounted on
a cantilever with a spring constant of 40 N m1 operating at
a resonant frequency of 300 kHz and scan rate 1 Hz. Samples
were analysed over a 1.0 mm 1.0 mm sample area at a resolution
of 512  512 pixels and false-colour images produced using
NanoScope 6.11r1 software (Vecco Metrology Group, USA).
Zero-order plane fitting was used to remove the image bow that
can result from the scanner moving out of plane with the sample.
Possible errors in piezo linearities were corrected for by zero and
first order flattening. Both the mean surface roughness (Ra) and
root mean square roughness (Rq) values were calculated from
imaging of three replicates of each sample type.2.5 Biological analysis
2.5.1 Cell culture. Samples for in vitro cell studies were
sterilised by placing them in 70% aqueous ethanol for an hour
and leaving them to dry in a laminar flow hood. Agar was used as
a gelling agent to stick the polymeric substrates to the six-well
plates in order to avoid cells adhering to the under side of the
substrates. A stock solution of 0.6% Agar (Sigma-Aldrich, UK)
in Milli-Q water was freshly prepared and autoclaved at 123 C
for 15 min. Molten Agar (200 mm) was pipetted into sterile six-
well plates followed by careful placement of the polymer samples.
Immortalised human LECs (CRL-11421) were used to assess
cell response to immobilized HA on DBD processed PS surfaces.
Cells were grown in a humidified atmosphere of 5% CO2 in
Dulbecco’s minimum essential medium (DMEM, Gibco, UK)
that was supplemented with 20% foetal bovine serum (FBS,
Sigma, UK), 100 IU mL1 penicillin G, 100 mg mL1 strepto-
mycin sulfate, and 20 mg mL1 gentamycin (all obtained from
Invitrogen, UK). The cells were maintained at below 70% con-
fluency and were passaged every three to four days using 0.05%
trypsin–EDTA (Sigma, UK). The cells were seeded on the vari-
ously processed PS polymer discs at a concentration of 2  105
cells per cm2 and cultured under normal humidified conditions at
37 C, 5% CO2 for 4, 24 and 48 h, respectively. Cell media was
changed every 2 days.
2.5.2 Crystal violet adhesion assay. LECs were seeded onto
the polymer samples placed in the Agar pre-coated six-well plates
and incubated for 4 h at 37 C in a humidified 5% CO2 atmo-
sphere. The media was aspirated off and the cells were washed
twice with PBS (Gibco, UK) and the adhered cells were
morphologically fixed using a 10% paraformaldehyde (PFA,
Sigma-Aldrich, UK) solution. After 15 min the samples were
washed with PBS followed by a 1 : 4 methanol : PBS solution for
further 15 min. The cells were then stained with a 0.5% crystalThis journal is ª The Royal Society of Chemistry 2011
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View Onlineviolet in 1 : 4 methanol : PBS solution for 30 min. The samples
were again washed with PBS and the stained cells solubilised by
adding 800 mL of a 10% glacial acetic acid solution (Sigma-
Aldrich, UK) to each well and placing the well plates on a gyro-
rocker for 30min. Aliquots (200 mL) of the solution from each
sample type was transferred in triplicate to a 96-well plate, giving
a total of 9 replicates per sample type. The absorbance (optical
density) of the solutions was read in a Tecan Sunrise (TECAN
Austria GmbH) microplate reader (equipped with Magellan
Software) using a 570 nm filter.
2.5.3 MTT cell viability assay. A stock solution of 5 mg cm3
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(MTT, Sigma-Aldrich, UK) in PBS was prepared and passed
through a 0.2mmfilter before storage at 4 C.LECswere cultured
on each substrate type according to the method outlined above.
After 24 h and 48 h post-seeding, the culture media was replaced
with 2 cm3 of phenol-free DMEMmedia (Gibco, UK) containing
the MTT solution at a concentration of 500 mg cm3. The cells
were then placed in the incubator at 37 C and 5% CO2 until the
formazan product was visible (1.45 h). The culture medium was
aspirated off and the cells were solubilised by adding 350 mLof 0.1
MHCl in propanol to each well and placing the plates on a gyro-
rocker aliquots for 10 min. A 100 mL aliquot of the solution from
each well was transferred in triplicate to a 96-well plate, giving
a total of 9 replicates per sample type. The absorbance (optical
density) for each solution was read in a Tecan Sunrise (TECAN
GmbH, Austria) microplate reader using a 570 nm filter.
2.5.4 Immunocytochemistry. Cells were cultured for 24 h on
the various substrates as before. Samples were washed with PBS
at 37 C and permeabilised using 4% PFA with 0.1% Triton X-
100 in PBS for 20 min. The samples were washed with PBS to
remove any traces of PFA. To visualize cytoskeletal actin,
samples were incubated with phalloidin Alexa Fluor 488
(Molecular Probes, UK) at a concentration 25 U cm3. The
samples were rinsed three times in PBS and mounted with Vec-
tashield Mounting Medium containing 1.5 mg cm3 of 40-6-dia-
midino-2-phenylindole (DAPI) counterstain (Vector
Laboratories, UK). Cells were examined using an epifluorescence
microscope (Nikon Eclipse 80i).
2.5.6 Statistical analysis. All assays were carried out in trip-
licate and repeated three times to confirm results. Results are
reported as mean  standard deviation. Statistical analysis of all
the surface analysis data and that from the biological assays was
performed with Origin (v. 7.0383, OriginLab Corporation,
USA). One way analysis of variance (ANOVA) was used to
compare mean values to determine equivalence of variance
between pairs of samples. Significance between groups was
determined using the Bonferroni multiple comparison test. A
value of p < 0.05 was taken as statistically significant.Fig. 1 Wide energy XPS survey scans for (a) pristine PS, (b) Psox, (c)
PS-g-APTMS, (d) PS-g-HA1mg and (e) PS-g-HA3mg surfaces.3 Results and discussion
3.1 Surface grafting with HA
3.1.1 X-Ray photoelectron spectroscopy (XPS). The HA
grafted surfaces were prepared by the three step modificationThis journal is ª The Royal Society of Chemistry 2011process shown in Scheme 1. In the first step, the DBD plasma
treatment technique generates reactive species that are trans-
ferred to the polymer surface through a flux of neutral particles,
electrons, ions and radicals, as well as from exposure to UV
radiation. These high energy species bombard the substrate such
that it undergoes a variety of chemical and physical process
leading to surface modification of the PS mainly through radical
initiated reactions. The radicals generated include carbon radi-
cals, oxygen radicals and peroxy radicals which can further react
with oxygen or moisture in the ambient air to generate oxygen
functionality on the surface such as hydroxyls and hydroperox-
ides. In the DBD process the energetic species generated are
produced in discrete pulses, with durations in the tens of nano-
seconds time scale. This so-called ‘cold’ plasma condition keeps
surface damage by thermal effects to a minimum.
In the second step, these hydroxyl or hydroperoxide groups
react with APTMS to generate an amino-functionalised surface.
The third step then involves a carbodiimide mediated grafting of
HA. The carboxylic acid groups of HA were activated by EDC/
NHS at pH 4.5 for an hour before the anchoring of HA onto the
APTMS linker took place. As indicated, in this work two
different concentrations of HA were used in order to determine
the lowest concentration of HA required for efficient grafting.
XPS was used to confirm the success of each step of the process
as indicated by the respective wide energy survey scans (WESS)
shown in Fig. 1a–e. Corresponding quantitative data for the
pristine PS, DBD modified PS (PSox) and the HA grafted PS
surfaces (PS-g-HA1mg and PS-g-HA3mg) are given in Table 1 and
the results from deconvolution of the C 1s spectral region in each
case are provided in Table 2. Pristine PS contains the expected
aromatic and aliphatic C–C/C–H peaks centered at 285.0 eV and
the characteristic p–p* (292.0 eV) shake up satellite contribution
(Table 2). As pristine PS has no oxygen in its structure, oxidation
of the surface by the DBD process can be accurately quantified
post-treatment. Curve fitting of the corresponding C 1s envelope
of PSox (Table 2) indicates new contributions to the polymer
surface from components at C–O (286.5 eV), C]O (287.5 eV),
O]C–O (289.0 eV).
Immediately after plasma treatment, the PSox surfaces were
exposed to the APTMS linker molecule. The emergence of the Si
2p and N 1s peaks in the XPS data (Fig. 1c and Table 1) confirms
the presence of the aminosilane linker molecule. Furthermore,Soft Matter, 2011, 7, 608–617 | 611
Table 1 XPS derived at.% values for each stage of the process leading to
HA immobilisation on PS
At.%
O 1s N 1s C 1s Si 2p
PS 0 0 100 0
PSox 12.9  1.9 0 82.2  1.4 0
PS–APTMS 26.0  0.0 9.9  0.3 55.1  0.6 9.0.  0.2
PS-g-HA1mg 29.3  0.2 10.2  0.6 59.9  0.6 0.7  0.0
PS-g-HA3mg 30.0  0.2 9.7  0.3 58.2  2.0 2.0  0.0
Theoretical APTMS 27.3 9.1 54.5 9.1
Theoretical HA 42.3 3.8 42.3 0
Table 2 XPS derived at.% for the contributions to the deconvoluted C
1s spectral envelope for each stage of the process leading to HA immo-
bilisation on PS
At.%
C–C/C–H C–O/C–N C]O/O]C–N
PS 100 0 0
PSox 63.0  4.3 25.8  1.9 11.2  2.1
PS–APTMS 52.6  1.7 38.0  1.2 9.4  1.1
PS-g-HA1mg 28.7  0.2 48.0  0.1 23.1  0.0
PS-g-HA3mg 21.9  0.9 56.9  1.5 20.7  0.1
Theoretical APTMS 40 60 0
Theoretical HA 7.1 64.3 28.6
Fig. 3 Schematic illustration of APTMS adsorption mechanisms
proposed by Kristensen et al. (ref. 53), Kowalczyk et al. (ref. 54), Horr
and Arora (ref. 55), and Chiang et al. (ref. 56) The APTMS (a) molecule
covalently attached via siloxane bond, (b) free molecule associates with
the surface through H-bonding of the amino group, (c) molecule bends
over to H-bond with adjacent surface moiety, and (d) molecule with
intra-molecular bond to a silanol group.
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View Onlinethe high resolution C 1s XPS data shows an increase in the C–O/
C–N component at 286.3–286.5 eV which is indicative of the
presence of the APTMS layer. The at.% concentration data for
the experimentally acquired APTMS layer is very close to that of
the expected theoretical values (Table 2). It is assumed that the
small discrepancies in the values arise from a specific orientation
of the molecule on the surface that reduces the number of
methoxy groups and increases the silanol groups within the depth
of analysis for the XPS technique. This orientation of the linker
molecule can be deduced by curve fitting the N 1s peak as indi-
cated in Fig. 2a. Previous studies have stated that between one
and three chemical states of nitrogen are present for APTMS.46–53
In this work, the nitrogen associated with the APTMS layer
produced on the DBD modified PS surface, exists in three states:
protonated, hydrogen-bonded and free amine related to
components in the N 1s peak at 401.5, 400.4 and 399.3 eV,
respectively (Fig. 2a).
Several authors have proposed mechanisms for the adsorption
of APTMS which can explain the presence of the three states ofFig. 2 Curve fitted N 1s XPS spectra for (a) PS–A
612 | Soft Matter, 2011, 7, 608–617nitrogen, as shown schematically in Fig. 3.53–56 In this regard, the
APTMS molecule can adopt any of the following chemical
conformations: (a) APTMS covalently attached via a siloxane
bond and terminated with a free amine, (b) the amino group of
a free APTMS molecule hydrogen-bonded to the surface, (c) the
APTMS molecule bent over to hydrogen-bond an amino group
with an adjacent surface moiety and (d) the amino group on
APTMS with an intra-molecular hydrogen bond to a silanol
group. Based on the XPS results presented here, it would seem
that all four of these conformations co-exist on the DBD treated
PS surface.
As per the Scheme 1, the third step in overall process is the
covalent attachment of HA to the amino functionalised surface
by EDC/NHS to form an amide bond. In the associated XPS
analysis, this leads to a decrease in the Si 2p contribution origi-
nating from the underlying APTMS layer upon HA immobili-
sation which falls from 9.0% to 0.7% (Fig. 1d and e and Table 1),
thereby confirming that grafting occurs. Upon grafting, the C 1s
spectral region changes considerably with an increase in polar
functionalities corresponding to C–N/C–O at 286.3–286.5 eV
and C]O and O]C–N at 288.0 eV observed. These results are
in agreement with previously reported XPS data for HA.25,26,30
The N 1s spectral region, as seen in Fig. 2b, indicates that the
amount of protonated amine at 401.5 eV decreases with respect
to the PS–APTMS surface. The corresponding presence of more
amide functionality at 399.5 eV may be due to the formation of
an amide bond between the carboxylate group on HA with the
amino functionalised surface. As the Si 2p peak resulting fromPTMS, (b) PS-g-HA1mg and (b)PS-g-HA3mg.
This journal is ª The Royal Society of Chemistry 2011
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View Onlinethe APTMS does not disappear after HA grafting, this suggests
that HA is not present as a complete monolayer and/or the
grafted layer is thinner than the XPS sampling depth (5 to
10 nm). This may be the cause of the discrepancy between the
experimentally measured at.% concentration and the expected
theoretical values. XPS analysis of both the HA grafted layers at
both concentrations shows peaks that originated from the
underlying APTMS layer indicating that in the ‘‘dry state’’ these
coatings are thinner then the XPS sampling depth (5 to 10 nm).
3.1.2 ToF-SIMS analysis. In order to further characterise
the HA functionalisation of PS surfaces, ToF-SIMS imaging in
the positive ion mode was used. The major advantage of ToF-
SIMS is the ability to analyse only the outermost surface layer
(2–3 nm) of a sample and provide not only information on the
elemental composition but also the chemical structure of any
species on the surface. Additionally, ToF-SIMS imaging can
provide a valuable insight into the homogeneity of the surface
condition after each of the steps involved indicating lateral
uniformity on a scale of approximately 100 mm2. The dataFig. 4 ToF-SIMS images (100 mm100 mm) created from the positive ion cou
PS-g-APTMS, (d) PS-g-HA1mg and (e) PS-g-HA3mg (intensity scale shows in
This journal is ª The Royal Society of Chemistry 2011obtained confirm that DBD induced oxidation of PS, followed
by silanisation and subsequent coupling of HA with the surface
bound chemical linker groups were all carried out successfully.
The appearance of several major nitrogen mass fragments
originating from the APTMS and HA layers at m/z 30, 41 and
58 amu corresponding to CH4N
+, C2H3N
+ and C3H8N
+
respectively confirm the homogeneous grafting of these layers.
In these analyses, PS is characterised by its most intense peak at
m/z 91 amu which is due to the stabilised tropylium ion which is
present in both the pristine and DBD modified polymer (Fig. 4a
and b respectively). Fig. 4c shows a decrease in the intensity of
the tropylium ion peak with the chemisorption of the APTMS
layer. However, the presence of this species indicates that this
layer is less than the ToF-SIMS sampling depth of 2–3 nm.
After grafting of the HA layer onto the PS-g-APTMS surface,
the intensity of the tropylium ion peak drops almost to zero,
indicating that the combined APTMS-HA layer is approxi-
mately 2–3 nm thick. These data are in agreement with the XPS
data which indicate that the HA layer is less than the sampling
depth of this technique, i.e. 5 to 10 nm.nts detected atm/z 30, 41, 58, and 91 amu for (a) pristine PS, (b) Psox, (c)
creasing ion counts from dark to light coloured areas).
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View Online3.1.3 Atomic force microscopy (AFM). The morphology of
pristine and the variously modified PS surfaces was measured by
AFM. The resulting pseudo-3D images and surface roughness
values are given in Fig. 5. The surface of pristine PS was rela-
tively smooth with a roughness value (Ra) of 1.5  0.2 nm. The
DBD plasma treated polymer (PSox) showed a slight increase in
roughness with aRa value of 2.0 0.1 nm. This indicates that the
DBD treatment generates oxygen functionalities without causing
significant etching of the polymer surface. The formation of the
APTMS layer resulted in a slightly smoother surface (Ra ¼ 1.6 
0.3 nm), possibly due to the fact that the chemisorbed APTMS
layer masks some of the surface roughness. The PS–APTMS–
HA1mg surface had a Ra value of 1.7  0.3 nm, which is again
lower than the DBD treated surface and almost identical to that
for the APTMS linker layer. These results tend to corroborateFig. 5 AFM (1 mm  1 mm) images for (a) pristine PS, (b) Pso
614 | Soft Matter, 2011, 7, 608–617the interpretation of the ToF-SIMS images in that they confirm
the homogeneous nature of the surfaces created in the grafting
steps of the grafting procedure. The PS-g-HA3mg surface,
however, showed a significant increase in surface roughness to
a Ra value of 4.1  0.4 nm (Ra). It is assumed that this results
from aggregation of the HA macromolecules present at this
concentration.3.2 Lens epithelial cell response
The initial attachment of LECs to pristine PS, DBD modified PS
(PSox) and the HA grafted PS surfaces (PS-g-HA1mg and PS-g-
HA3mg) was observed 4 h post-seeding. The same density of cells
was seeded onto all surfaces. Optical micrographs of the cells
adhered to each sample surface are presented in Fig. 6. The LECsx, (c) PS-g-APTMS, (d) PS-g-HA1mg and (e) PS-g-HA3mg.
This journal is ª The Royal Society of Chemistry 2011
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View Onlineon the pristine PS surface appeared rounded and non-adherent
and were completely washed away with a PBS rinse (Fig. 6a).
Conversely, large numbers of LECs adhered to the PSox surface
(Fig. 6b). Although washing of the surface with PBS resulted in
removal of some of the more rounded cells, the majority
appeared to be elongated and adherent. Staining with crystal
violet further showed these cells to have a well spread
morphology. Optical images of the LECs adhered onto the PS-g-
APTMS layer showed that the cells in this case were less well
spread in comparison to those on the PSox surface (Fig. 6c).
There were a greater number of rounded cells on this surface
which were subsequently washed away with PBS. Additional
morphological evaluation of the cells via crystal violet staining
showed them to be slightly shrunken, but still adherent. In
general, it is known that cells adhere better to hydrophilic rather
than hydrophilic surfaces.38 Furthermore, it is also known that
cells are sensitive to the chemistry and topography ofFig. 6 Optical micrographs of LECs after 24 h in culture before washing, aft
PS-g-APTMS, (d) PS-g-HA1mg and (e) PS-g-HA3mg. Scale bar represents 100
This journal is ª The Royal Society of Chemistry 2011materials.38,57,58 Therefore, in the case of the PSox and PS-g-
APTMS surface, the increase in cellular response is due to the
hydrophilicity of the surface which due to the surface chemistry
and topography.
The optical micrographs of the LECs on the PS-g-HA1mg
surface were rounded, although they were not all removed
after PBS washing (Fig. 6d). Extremely poor cell adherence
was obtained for the PS-g-HA3mg, sample which corresponds
to the surface most coherently grafted HA layer. This
behaviour suggests that the HA in this latter sample exists in
a conformation that allows it to act as a steric–entropic
barrier. This surface condition is known to be cell-resistant
due to the absence of proteins that provide cell anchorage to
the surface. It was not possible to quantify the adhered cells
on the PS-g-HA1mg/3mg samples by the colourimetric crystal
violet assay due to the fact that HA absorbs the crystal violet
dye.er washing and stained with crystal violet for (a) pristine PS, (b) Psox, (c)
mm.
Soft Matter, 2011, 7, 608–617 | 615
Fig. 8 Fluorescent micrographs of LECs dual stained with actin (green)
and nuclei (blue) showing the cytoskeleton in cells 24 h post-seeding on
(a) pristine PS, (b) Psox, (c) PS-g-APTMS, (d) PS-g-HA1mg and (e) PS-g-
HA3mg. Scale bar represents 500 mm.
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View OnlineLEC viability on the various surfaces was further determined
using the MTT assay with the data at 24 and 48 h post-seeding
given in Fig. 7. Cell viability on PSox was found to be statistically
higher (p < 0.000005) than that on both the pristine controls and
the HA grafted surfaces (PS-g-HA1mg, PS-g-HA3mg). It is well
known that cells need to attach and spread on a surface before
they can undergo proliferation. Hence, these data reflect the cell
adhesion assay results presented above. As such, it is clear that
the LECs that have adhered onto the DBD treated PS surfaces
after 4 hours in culture are viable and capable of proliferating,
thereby indicating that this modified surface condition created,
allows for an increased cellular response. The results also
demonstrate that grafting of HA onto the PSox surface using
a APTMS linker layer creates a condition that is highly resistant
to cell adhesion and thereby proliferation for both the PS-g-
HA1mg and the PS-g-HA3mg surfaces.
In order to further study the morphology of those LECs that
adhered to the pristine and DBD-treated PS surfaces and to
check the degree of resistance to cell adhesion offered by the HA
grafted substrates, the cytoskeleton and nuclei of the cells in
culture were fluorescently stained 24 h post-seeding. Fig. 8 shows
representative fluorescent micrographs for each surface type. No
cells were observed on the pristine polymer surface (Fig. 8a). By
contrast, the cells on the DBD treated and APTMS functional-
ised PS had a well spread morphology with a high contact area
(Fig. 8b and c). Similarly to the optical micrographs of the LECs
on the PS-g-APTMS surface, the cells were shrunken in
comparison to the PSox surface. This is the first time to the best
of our knowledge that this type of aminated surface obtained by
self assembly onto DBD treated surfaces, has been shown to
enhance cellular response. As nitrogen functionalised surfaces
are known to increase cellular response,59 further studies on the
long term cell viability of these aminated surfaces is being carried
out and reported elsewhere. The cells on the PSox and PS-g-
APTMS surface had produced actin stress fibres that formed
a dense and complex network. These well spread morphologies
are indicative of cells that are actively adhering and proliferating.
A stable actin cytoskeletal structure for adherent cells is generally
related to well formed attachments to the extracellular matrix
(ECM)60 and interactions with neighbouring cells.61 Stress fibresFig. 7 MTT assay data for activity of LECs on the various PS samples
24 h and 48 h post-seeding.
616 | Soft Matter, 2011, 7, 608–617that are organised from actin filaments are associated with
integrin receptors at the focal adhesion points where they control
integrin signalling and integrin/matrix adhesion.62–64 Again no
cells were detected on the PS-g-HA1mg and PS-g-HA3mg surfaces
under the experimental conditions used here (Fig. 8d and e).
Since actin stress fibres are responsible for anchorage at the cell
adhesion sites, it can be stated that adherence is substantially
stronger on the DBD-treated and APTMS functionalised
surfaces (with a well spread network of actin fibres) compared to
pristine or HA-grafted surfaces (displaying no cells).
4 Conclusions
A method for immobilisation of hyaluronic acid (HA) on
a polymer for the purposes of providing a surface condition that
is resistant to adhesion of lens epithelial cells has been developed.
The approach adopted uses atmospheric pressure dielectric
barrier discharge plasma processing to enhance the chemisorp-
tion of 3-aminopropyltrimethoxysilane (APTMS) onto poly-
styrene (PS). Hyaluronic acid (HA) has then been successfully
immobilised onto the aminosilane linker layer on PS via carbo-
diimide mediated chemical grafting. XPS analysis of the APTMS
layer indicates the presence of three nitrogen species, namely:
protonated amine, hydrogen-bonded amine and free amine. The
availability of the nitrogen moiety is essential for the subsequent
immobilisation of HA by carbodiimide coupling and the DBD
treatment enhances their provision on the PS surface. The
thickness of the grafted HA layers at the two concentrations
employed (1 mg cm3 and 3 mg cm3) were less than the XPS
sampling depth in the ‘‘dry state’’. ToF-SIMS analysis indicated
that each step was homogeneous on a 100  100 m2 scale. BothThis journal is ª The Royal Society of Chemistry 2011
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View Onlineof these HA grafted surfaces were able to inhibit LEC attach-
ment and growth. Although some cells were observed on the
PS-g-HA1mg surface, they were rounded and lacked the
morphological characteristics indicative of attachment. The
greatest level of resistance to cell adhesion was obtained for the
PS-g-HA3mg. This effect is attributed to the occurrence of
a coherently grafted HA layer that is present in a conformation
that allows it to act as a hydrated steric–entropic barrier, which
confers cell-resistance due to the absence of attachment proteins
that provide cell anchorage to the surface.Acknowledgements
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